Fluorescence Lifetime Imaging Microscopy (FLIM) 
Introduction
Detection of protein-protein interactions in living cells with high spatial and temporal resolution is a fundamental prerequisite for understanding cellular dynamics. 1 Visualization of specific probes by confocal and multiphoton imaging has improved spatial resolution in the context of cellular imaging in native, physiological conditions. 2, 3 The implementation of Fluorescence Resonance Energy Transfer (FRET) detection in the optical microscope has extended the spatial detection limits of conventional fluorescence microscopy to a few nanometers -which is typically the magnitude of distance between the interacting proteins. Measurement of FRET requires that there exists a pair of fluorophores (donor and acceptor) between which there is non-radiative transfer of energy when they are in close proximity (~ 1-10 nm). The efficiency of energy transfer is determined by the distance separating the donor and acceptor molecules, the angular orientation of the fluorophores in space, overlap between the donor emission and acceptor excitation spectra and the quantum yield of the donor in the absence of acceptor. 4, 5, 6 Many of the currently available FRET methods such as sensitized emission, acceptor photobleaching, and concentration dependent depolarization utilize intensitybased measurements. These require the use of optical filters for spectral separation of donor/acceptor excitation and emission and can suffer from problems of spectral crosstalk. In addition, it is difficult to regulate the relative concentration of the donor and acceptor fluorophores that in turn affects the efficiency of energy transfer thus further complicating the measurement of cell component interactions using intensity-based FRET approaches. These methods also yield time-averaged information from an ensemble of interacting proteins (or other molecules) rather than the actual temporal kinetics of these interactions in real-time. These constraints have led to the need to develop instrumentation that can measure FRET (protein-protein interactions) not only with high spatial resolution but also with a high degree of temporal resolution. detector is used to determine the phase shift and amplitude demodulation from which the lifetimes of the fluorescent species are calculated. 17, 18, 19 Alternatively, in the case of time-domain methods, the specimen is illuminated with pulsed light and the subsequent fluorescence emission decay is recorded by fast detectors (Fig.1b) . By fitting the biomedicalapplications. 20, 21, 22 In this context, the present multiphoton-Streak-FLIM system is unique and versatile, achieving excellent spatio-temporal resolution and, to the best of our knowledge, is the first of its kind developed for biomedical applications.
FLIM methodology
The mono-exponential decay scheme of a fluorescent molecule from its excited state can be represented by: 
Time Domain Detection Methods

Multi-gate detection
In the simplest case of time-domain lifetime imaging, a gated micro-channel plate image intensifier is used in conjunction with a CCD imaging camera. 23, 24 By gating the image intensifier at different intervals (with a specified time-window) along the exponential fluorescence decay profile, one can obtain a set of images of the actual decay of fluorescence during the excited state lifetime (Fig.1b) . It has been found that the photon utilization and time resolution of the multi-gate detection approach are still limited by the detector performance. One can also not avoid background noise arising from scattered fluorescence emission when an imaging (area) detector is used in multigate detection. Regardless of these limitations, the multi-gate detection FLIM methodology has been found to be very successful with single photon excitation in the recent years. 25 , 26 For multiphoton applications, it is imperative to use point-scanning detectors to eliminate background noise.
Single photon counting
Photon-counting detectors are well-suited for low-light level detection as well as for providing quantized pulses for every photon event. 27, 28 This makes the measurement of lifetimes more accurate. However these detectors suffer from poor dynamic range as compared to their area detector counter parts. Regardless of this minor disadvantage, photon counting devices have been found to be very reliable in terms of photon economy, rapid lifetime determination and high temporal resolution. The limiting factor in achieving good temporal resolution is the transition-time spread (TTS) of fast photomultiplier tubes used in these systems.
Streak FLIM Imaging System
The essential feature of the streak camera is that it converts an optical 2D image with spatial axes (x,y) into a streak image with temporal information and with the axes (x,t). A simplified picture of streak imaging principle is demonstrated in (Fig.2 ) and a brief description of the system is given below. For the complete technical details, see reference 30.
Light source
A mode-locked laser system (Coherent Inc. Model Mira 900: Titanium sapphire gain medium pumped by a 10W Verdi diode laser) was used in our experimentsproviding ultrafast femtosecond pulses with a fundamental repetition rate 76 MHz. To obtain the variable repetition rates for both intensity based multiphoton imaging and for Streak-FLIM detection, a pulsepicker, synchronized with the Mira excitation source, was employed. Precise optical alignment of laser, the Pulsepicker and the FLIM optics was essential to ensure negligible absorption/distortion of the excitation laser beam. Optical alignment of the FLIM elements was done with respect to the optical axis of microscope objective.
Microscope
The imaging system base is an Olympus IX70 inverted microscope. For intensity based multiphoton images, the fs-pulsed laser light was scanned into the left camera port via a modified FluoView X scanhead. Non-descanned multiphoton emission was collected by a PMT in a custom designed housing mounted from the left side of the epifluorescence filter cassette. For Streak-FLIM imaging the fs-pulsed laser light was scanned into the right camera port by the Streak-FLIM unit. The fluorescence emission was directed back out through the same camera port and directed into the Streak camera (C-4334, Hamamatsu Photonics K.K.). A specially designed 63X (1.2 N.A, IR) water immersion objective was used for all the measurements reported in this paper.
Experiments were done on either fixed cellular specimens mounted on standard microscope slides or on live cells grown on glass coverslips and maintained in appropriate media.
FLIM Detection System
A microchannel plate (MCP) was used in the Streak-FLIM detection path. The
Streakscope (Hamamatsu, C4334) has a temporal resolution ~50 ps and a very small photocathode dark current. This facilitates a high signal-to-noise ratio (SNR) for measuring even weak fluorescence signals. The electrical output of the MCP is converted to an optical output (streak image) on a phosphor screen. This image is then output to a fast CCD camera (Hamamatsu, ARGUS/HiSCA) that is fiber-optically coupled to the streakscope. An important feature of the HiSCA camera is that it employs a CCD chip that offers exceptionally high-speed and high sensitivity detection (~ 2% quantum efficiency). The 12-bit image depth enables even minute changes in fluorescence intensity to be detected. Variable sampling rate (1 to 24 frames/sec) and spatial resolution allow flexibility to detect fast photon events and low light signals. A maximum sampling rate of ~ 500 frames/sec can be achieved with the HiSCA camera for single wavelength fluorescence measurements which is more than ten times higher than the normal video-rate. Faster frame acquisition can be achieved by binning the pixels.
Binning in the X-axis decreases spatial resolution while binning in the t (time) axis decreases the temporal resolution (Fig. 2B ). As such a compromise between the speed of the data acquisition and required resolution must be achieved for each measurement.
Unbinned, the maximum number of pixels of the CCD camera is 658 x 494, a maximum binning of 32 x 32 can be achieved. The FLIM data acquisition is governed via AquaCosmos software (Hamamatsu Photonics, K.K.) and the streakscope output signal is processed by AquaCosmos software to convert the exponential decay into a mean lifetime value on a per pixel basis thus creating a FLIM image display.
System Calibration
Standard solutions of various fluorescent dyes were used for calibration of the system and for optimizing relevant parameters for a typical measurement. Rhodamine 6G and Rose Bengal solutions were prepared in different solvents as detailed in Table 1 .
These dyes are reported to have mono-exponential fluorescent decays and therefore display a single lifetime. 29 The choice of standard dyes also allowed calibration of the system for measurement of lifetime values ranging from a few hundred picoseconds to a few nanoseconds. Table 1 two measurements in the same specimen was found to be >99% in standard solutions.
However, for cellular specimens the variability in cellular expressions as well as inevitable photobleaching artifacts can restrict the reproducibility. A more detailed description of the instrument performance and signal/noise issues can be found in Reference 30.
Biological applications
Cyan is expected that the combination of multiphoton excitation and FLIM methods will yield an enhancement in spatio-temporal resolution and reduce overall phototoxicity and thereby improve our understanding of molecular interactions. Frequency Counts
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